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CdSe quantum dots synthesized by laser ablation in water and their photovoltaic applications CdSe quantum dots (QDs) have been prepared by a facile and clean synthesis method--laser ablation in water. The structural and luminescent properties of the CdSe QDs have been investigated. The CdSe QDs of wurtzite crystal structure have an average particle size of about 5 nm. The QDs can be attached to ZnO nanowires making them ideal for applications in QD-sensitized nanowire solar cells. A uniqueness of the QDs attached to the ZnO nanowires by this laser ablation method is that they do not contain ligands, and the preparation avoids the complicated process of ligand exchange. V C 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4768706] Quantum dots (QDs) have great potential for applications in electronics and optoelectronics. 1, 2 They show special physical and chemical characteristics when their size is close to or smaller than the exciton Bohr radius, and this quantum confinement effect leads to tunable photoluminescence (PL) properties. 2, 3 In particular, their PL can be tuned by the size of the QDs, which gives them functionalities as sensitizers in photovoltaic solar cells. 4, 5 There are different ways to synthesize QDs, for example, solution-based methods for colloidal QDs 6-9 and depositionbased methods such as successive ionic layer adsorption and reaction (SILAR), chemical bath deposition (CBD), and atomic layer deposition (ALD). [10] [11] [12] [13] [14] [15] In our previous work, we have deposited CdSe QDs directly on Zn 2 SnO 4 nanowires using pulsed laser deposition (PLD) in vacuum. 16 PLD is a facile and clean physical vapor deposition method for QDs due to reduced formation of the by-products in the process. It is a method that can be applied at ambient temperature. In addition, it is an effective method to fabricate QDs without ligands. Ligands are unavoidable in the synthesis of colloidal QDs and are known to be a barrier for electron transfer from the QDs to the photoanode in QD-sensitized solar cells. 15, 16 It is desirable to develop QD-sensitized solar cells without ligands to achieve efficient electron transfer from the QDs to photoanode and improve the efficiency. Another attractive method to make QDs that retains the benefits of PLD is laser ablation of solid targets in a liquid environment. [17] [18] [19] [20] The major difference between laser ablation in a gaseous environment and in liquid is the stronger confinement and more rapid cooling of the expanding plasma plume in the latter case, 19 which results in different products, for example, nanoparticles of smaller sizes. Laser ablation in liquid may also favor materials which can only be synthesized at relatively high pressure. 17 It is an even simpler method than PLD as one does not need a vacuum chamber for laser ablation in liquid. During the past decade, preparation of nanoparticles, mostly metals, using laser ablation in liquid has been explored (see reviews in Refs. [17] [18] [19] [20] . However, the formation of semiconductor QDs with this method has been studied to a much lesser extent. [21] [22] [23] Semaltianos et al. synthesized CdSe QDs by laser ablation in methanol using a femtosecond laser. 22 On the other hand, CdSe QDs prepared using a nanosecond Nd:YAG laser failed to exhibit photoluminescence. 23 While it is believed there is a major difference in the particle formation mechanism between nanosecond and femtosecond lasers (in the former case the particles are formed from nucleation out of the vapor phase, while in the latter case the particles can be directly ejected from the target surface due to rapid energy transfer 18 ), it does not appear to be the reason for the different results obtained in Refs. 22 and 23. These previous studies suggested water is not a good medium for laser ablation in liquid. QDs of CdS, CdSe, and CdTe fell out of the water suspension within hours. 21, 23 It should be mentioned here that preparation of QDs in water suspension is desirable for their incorporation into solar cells as it avoids complicated process of ligand exchange.
In this letter, we report synthesis of CdSe QDs by laser ablation of a bulk target in water using a nanosecond pulsed laser. The as-prepared CdSe QDs were subsequently used to make ligand-free QD-sensitized ZnO nanowire solar cells. The preparation, photoluminescent properties and device performance of the QDs and cells were investigated and analyzed. The performance of the cells suggests promising potential of this liquid based synthesis method for QDsensitized photovoltaic solar cells. Figure 1 shows the schematic diagram of a simple set up for laser ablation in liquid. The laser used in this experiment was a frequency quadrupled Nd:YAG laser LS-2147 (k ¼ 266 nm). The laser beam was focused by a lens onto a CdSe target (purchased from Alfa Aesar), which was submerged in deionized water inside of a fused quartz bowl as shown in Fig. 1 . The lens of a focal length f ¼ 5 cm was placed immediately in front of the quartz bowl. The locations of the lens and the CdSe target in the quartz bowl were adjusted such that the incident laser beam focuses on the surface of the target. The pumping energy of the laser varied between 37 and 40 J, which corresponds to a roughly estimated laser fluence of a)
Author to whom correspondence should be addressed. Electronic mail: jtang2@uwyo.edu. 1 J/cm 2 on the CdSe target surface. A repetition rate of 10 Hz was used for the 10 ns laser pulses. To collect sufficient amount of sample, the laser ablation was carried out for several hours. The formation of CdSe QDs in the water suspension was indicated by the change of color of the suspension during the laser ablation. The water suspension of CdSe was stable for 2 weeks in ambient atmosphere.
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After the laser ablation, samples of CdSe QDs were prepared by placing droplets of the water suspension onto a clean silicon substrate and then drying at room temperature. The samples were examined by x-ray diffraction (XRD) afterward. Transmission electron microscopy (TEM) images of the CdSe QDs were obtained by drying out droplets of the suspension on carbon-coated copper grids. Photoluminescence spectra were measured for the QDs at room temperature. A tunable femtosecond laser was used as the excitation source and the PL was collected through a 1/2 m scanning monochromator using a high gain Si detector and lock-in amplifier locked to the laser repetition rate.
The CdSe QDs prepared with laser ablation in water were integrated with ZnO nanowires to make QD-sensitized solar cells. ZnO nanowires were first grown by a chemical vapor deposition (CVD) method on a FTO substrate. 24 Before adding the QDs, the ZnO nanowires were annealed under proper growth conditions to eliminate surface contaminations. The ZnO photo anode was then soaked in the as-prepared CdSe QDs in water for 4 h. Another FTO substrate was coated with 25-nm Pt and bonded together with the nanowire/ FTO substrate through a hot-melt spacer (Bynel, Dupont, 75 lm). A drop of electrolyte [0.5 M LiI (Aldrich), 50 mM I 2 (Alfa Aesar), and 0.5 M 4-tertbutylpyridine (Aldrich) in 3methoxypropionitrile (Aldrich)] was infiltrated into the space between the two electrodes through the pre-drilled holes. The hot-melt glue was used to fill the holes and seal the cell well. The fabricated cells were tested under a simulated sunlight of 100 mW/cm 2 from a xenon lamp that was calibrated by a power meter.
The TEM images and particle size distribution of CdSe QDs synthesized by laser ablation in water are shown in Figs. 2(a) and 2(b) . The images show well-crystalized and mostly separated QDs. The lattice fringes of a single crystal QD can be seen in the image shown in the inset of Fig. 2(a) . The fringes correspond to the (002) planes of wurtzite CdSe. The size distribution of the QDs is relative broad, which is advantageous for sensitizing purpose. The average particle size determined from the histogram of particle size distribution is about 5.1 nm.
The XRD pattern of the CdSe QDs is shown in Fig. 3 . The pattern shows clear diffraction peaks that can be identified as from CdSe of wurtzite hexagonal crystal structure. 25 The standard XRD peak positions of wurtzite CdSe are shown as vertical bars beneath the experimental data. The two extra peaks at 30.3 and 34.5 are from SiO 2 (Ref. 26) and Si substrate, 27 respectively. We have used very slow scan in order to get enough diffraction intensities from the QDs, which picked up signals from the oxide on the surface of the Si substrate.
The peak widths of the relatively strong (100), (101), and (110) diffractions were used to estimate the particle size of CdSe QDs using Scherrer formula as given in Eq. (1) t ¼ 0:9k=ðb cos hÞ;
(1)
where t is the mean size of the QDs, k is the wavelength of x-ray, b is the broadening measured as the full width at half maximum (FWHM) in radians, and h is Bragg's diffraction angle. The size of the CdSe QDs found from the XRD peak width is about 5.0 nm, in good agreement with the TEM images.
The PL spectrum of the CdSe QDs prepared by laser ablation is shown in Fig. 4 . The spectrum was obtained for the CdSe QDs prepared in methanol as it was difficult to get accurate PL signals in water suspension. An excitation wavelength k ex ¼ 370 nm was used. The PL peak of the QDs is located around k peak ¼ 553 nm indicating the quantum confinement effect. The band gap of bulk CdSe is E g ¼ 1.739 eV (k ¼ 713 nm). 22 From the blue shift of the peak position, the size of the CdSe QDs was estimated to be about 5.4 nm using the formula given in Ref. 28 , which was close to the values obtained from the TEM and XRD data.
QD-sensitized solar cells have been fabricated using the laser ablation synthesized CdSe QDs. Figure 5 shows a scanning electron microscopy (SEM) image of ZnO nanowires after soaking in CdSe QD water suspension. Figure 6 shows the current density versus voltage (J-V) of the solar cell tested under 100 mW/cm 2 light intensity. The open circuit voltage is about 0.48 V, which shows the promising application potential of this liquid based method to grow CdSe QDs. Although the overall conversion efficiency is not high due to the low short circuit current density (0.43 mA/cm 2 ) and low fill factor, the open circuit voltage is comparable to similar solar cells using CdSe QDs made with solution based methods. 8 One possible reason for the low current density is the inadequate amount of QDs attached to the ZnO nanowires, which can be improved by adjusting the soaking time of nanowires in the QD suspension or the QD density in water.
In summary, we have presented an alternative approach to make QDs by the method of laser ablation in water, which is a facile, clean, and effective synthesis method for QDs for solar cell applications due to the reduced formation of byproducts in the process. This method can also be used with organic solvents when needed. We have evaluated the structural properties of the CdSe QDs by TEM and XRD. We have also investigated the photoluminescent properties of the CdSe QDs. The size distribution of the QDs was relatively broad with an average particle size of 5.1 nm as determined by TEM analysis. This is compared with the sizes of 5.0 nm from the XRD peak widths and 5.4 nm from the PL spectrum. The as-prepared QDs are ligand-free, which eliminates or reduces the barrier to extracting and transferring the electrons from the QDs to the nanowires, thus, can potentially improve the efficiency of QD-sensitized solar cells. The QDs in water suspension makes it possible to directly place them on the nanowire photoanode without complicated process of ligand exchange. The cell performance, with the short circuit current density of 0.43 mA/cm 2 and open circuit voltage of 0.48 V, suggests great potential of such-prepared QDs in photovoltaic applications. 
